Purpose: As a newly added member of the UNC5H receptors, the function of UNC5D/H4 in tumorigenesis remains poorly defined. The aim of this study was to examine the expression of UNC5D in primary renal cell carcinomas (RCC), analyze the mechanisms responsible for its downregulation in RCC, and assess its functional relevance to tumor growth and migration.
Introduction
Kidney cancer is among the 10 most common cancers worldwide (1) . Most (>90%) kidney cancers are renal cell carcinoma (RCC) that originate from the renal parenchyma (2) . Clear cell carcinoma, papillary carcinoma, and chromophobe carcinoma constitute the majority of RCCs (3) . Patients with RCCs are usually asymptotic in early stages, and at the time of diagnosis, a quarter of patients with RCCs have locally advanced or metastatic disease. One third of patients who undergo resection for local disease have risk of cancer relapse (4) . To date, the mechanisms of RCC oncogenesis remain elusive. The identification of novel genes functionally involved in renal cancer development and progression may help to find potential diagnostic and therapeutic targets.
Cancer is a disease initiated and driven by the clonal selection of cells with either inherited or acquired genetic or epigenetic alterations of key tumor suppressor genes (TSG) and oncogenes that confer growth advantage (5) . It is wellrecognized that loss of function of TSGs may lead to neoplastic changes. TSGs can be inactivated by both genetic and epigenetic mechanisms, which include LOH, point mutation, homozygous deletion, and promoter hypermethylation (6, 7) . Until now, the most common genetic alteration in sporadic clear cell RCCs is inactivation of the TSG Von Hippel-Lindau (VHL) by chromosome 3p deletion (8) . Recently, increasing numbers of TSGs associated with epigenetic alterations have been identified in RCCs, which imply that epigenetic regulation of TSGs may be an important mechanism for tumorigenesis in RCCs. Genes which have been found to be aberrantly methylated in RCCs at different frequencies include VHL, RASSF1A, p16, Timp-3, E-cadherin, b-catenin, SFRP1, SFRP2, SFRP4, SFRP5, DAL-1, COLIA1, KRT19, UCHL1, and UNC5C (9) (10) (11) (12) (13) (14) (15) .
Netrin-1 and its receptors are expressed extensively in multiple tissues and participate in an array of cell processes (16) (17) (18) . An important feature of Netrin-1 receptors is that they function as "dependence receptors." When unbound by the ligand Netrin-1, these receptors induce apoptosis but inhibit apoptosis and provide a survival signal in the presence of the ligand. Through such a mechanism of action, these receptors may act as tumor suppressors (19) . In line with this speculation, the receptor DCC shows reduced or lost expression in a variety of cancers (20) . Another group of Netrin-1 receptors referred to as UNC5H (1-3/A-C) are also downregulated in a number of tumors. Overexpression of these receptors inhibits tumor cell anchorage-independent growth and invasion (21) (22) (23) .
UNC5D/H4 is the most recently identified member of the UNC5H receptors (24) . One study reported that UNC5D is induced during DNA damage-mediated apoptosis and is a direct transcriptional target of p53 (25) . Several other studies showed that rearrangement of 8p with loss of distal 8p, where UNC5D is located, is one of the most frequent genomic events in common epithelial cancers (26, 27) . Nevertheless, the function of UNC5D in tumorigenesis remains poorly defined.
The present study was focused on the potential role of UNC5D in the development of RCCs. We first examined its expression in tumor versus adjacent noncancerous tissue and explored the mechanisms underlying its suppression in tumor tissue. Subsequently, the implication of UNC5D downregulation in RCC was analyzed by monitoring altered cell behaviors following restoration of its expression in otherwise silenced cells. Data thus acquired support a tumor-suppressive function of UNC5D in RCCs.
Materials and Methods
Cell lines, tumor specimens, and 5-aza-dC treatment A series of cancer cell lines were used for this study, including 5 RCCs (786-O, A498, ACHN, Caki-1, and Os-RC-2), 2 bladder carcinoma, 5 hepatoma, 5 lung cancer, 4 gastrointestinal cancer, 5 leukemia, 1 prostate carcinoma, 1 breast cancer, 1 cervical carcinoma, 1 ovarian cancer, 2 melanoma, and 1 osteosarcoma cell line. Human immortalized embryonic kidney cell lines HEK293 and HEK293T were also used. Renal carcinoma and corresponding noncancerous tissues (n ¼ 44) were obtained from the Peking University Third Hospital (Beijing, China) with patient's consents and institutional ethics approval. All of the specimens were pathologically confirmed. For demethylation, cell lines were treated with 10 mmol/L of 5-aza-2 0 -deoxycytidine (5-aza-dC, Sigma-Aldrich) for 3 days with exchange of reagents and medium every 24 hours.
Reverse transcriptase PCR and real-time PCR
A human normal tissue cDNA panel was purchased from Clontech. Conventional PCR and quantitative real-time PCR were carried out as previously described (15) . All primers used in this study are shown in Supplementary  Table S1 .
Immunohistochemistry and scoring
The tissue microarray (Shanghai Outdo Biotech Co., Ltd.) of 30 paired tumor and noncancerous tissue was incubated with anti-UNC5D antibody (Santa Cruz) at 1:100 dilution overnight at 4 C. The scoring method which combined intensity and percentage of positivity was previously described (28) . Slides were scored by 3 reviewers, and discrepancies were resolved by a urological pathologist. Extent and intensity measures for each core were combined as weak (intensity weak), moderate (intensity moderate), and strong (intensity strong).
Methylation-specific PCR and bisulfate genomic sequencing
Methylation-specific PCR (MSP) and bisulfate genomic sequencing (BGS) analysis were conducted as described previously (29, 30) . Amplified BGS PCR products were cloned into the pGEM-T Easy vector (Promega), and 10 random clones from each sample were sequenced.
LOH analysis with microsatellite markers
A set of 3 polymorphic microsatellite markers (D8S1750, D8S505, and D8S1803) were used to determine LOH at chromosome 8p12. gDNA from paired tissue samples and cell lines was amplified by PCR using fluorescently labeled primers for the indicated polymorphic microsatellite markers.
Transfection, infection, and Western blotting
The expression vectors (pCCL-Flag-UNC5D-FL, pCCLFlag-UNC5D-DDD, pCCL-Flag-UNC5D-DZU5) with the full-length or deleted mutants of UNC5D were constructed. Adenoviruses were packaged by the Vector Gene Technology Company Limited. Lentiviral particles were produced by transfecting HEK293T cells with the pCCL vector and the packaging vectors psPAX2 and pMD2.G. The 786-O or A498 cells were infected with adenoviruses or lentiviruses. For Western blotting, primary antibodies used include anti-
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GAPDH (Proteintech Group), anti-Flag (Sigma-Aldrich), and anti-cyclin B1, cyclin A, cyclin-D1 (Santa Cruz).
Knockdown of UNC5D
The pGPU6-GFP-neo shRNA expression vectors (GenePharma Co., Ltd.) against UNC5D or a control vector was transfected into PC3 cells by jetPRIME (Polyplus-Transfection Inc.). Cells were selected in 800 ng/mL G418 (SigmaAldrich). The short hairpin RNA (shRNA) target sequences used in this study are shown in Supplementary Table S1 .
Cell proliferation
Cell proliferation was analyzed using Cell Counting Kit-8 (CCK-8; Dojindo Laboratories), according to the manufacturer's instructions. Absorbance at 450 nm was measured on a microplate reader at the indicated time points.
Cell-cycle analysis
786-O cells were infected with adenoviruses encoding UNC5D or EGFP alone, and nocodazole (300 ng/mL, Sigma-Aldrich) was added to the culture 24 hours after infection. After incubation for another 16 hours, cells were harvested and replated. At indicated time points, cells were collected and fixed with ice-cold ethanol. After washing with PBS, cell pellet was resuspended in PBS containing 10 mg/mL propidium iodide (PI; SigmaAldrich) and 500 mg/mL RNase A (Sigma-Aldrich) and incubated at 37 C for 30 minutes. Samples were then analyzed on a BD FACSCalibur.
Colony formation assay
Two thousand infected cells were plated in each well and maintained in medium for 2 weeks. Colonies were fixed with precooled methanol, and colonies were then stained with 0.5% (w/v) crystal violet and counted. For soft agar colony formation assay, a total of 500 cells were mixed with 0.35% agarose and plated in each well on top of a layer of 0.5% agarose. After 2 weeks, colonies were stained with crystal violet. Colonies larger than 20 mm in diameter were counted.
Wound-healing assay
Cell motility were determined by measuring the movement of cells to close an artificial wound. Cells were wounded with a 200 mL pipette tip, washed with PBS, and incubated in medium containing 2% FBS. The distance traveled by cells was monitored by phase-contrast microscopy (Olympus) at indicated time points.
Cell migration and invasion assay
For migration assay, infected cells were seeded into the upper chamber of a Transwell with a fibronectin-coated filter (8-mm pore size, Corning Life Sciences). The bottom chamber contained medium supplemented with 10% FBS. After 14-hour incubation, cells adherent to the upper surface of the filter were removed using a cotton swab and those attached to the bottom of the membranes were stained with crystal violet following fixation with methanol. Cell number was counted in 6 randomly chosen fields. Cell invasion assay was conducted essentially as the migration assay, except that the Transwell insert was coated with 30 mg of Matrigel (BD Biosciences) and the invasion time was extended to 24 hours.
Statistical analysis
Quantitative data are presented as individual data plots or as mean AE SD. Statistical analyses were done with SPSS, version 13.0 (SPSS, Inc.). Comparisons of UNC5D gene expression levels between paired tumor and adjacent nonmalignant tissue samples were conducted using the Wilcoxon signed rank test. Differences between two independent groups were analyzed by the Student t test. The paired t test was done for comparison of differences within pairs. The c 2 test was used to calculate differences in the patient's age, gender, tumor stage, histologic grade, LOH, and methylation status between paired tumor and adjacent non-malignant tissue samples. P < 0.05 was considered significant.
Results

Reduced expression of UNC5D in tumor cell lines
To elucidate the potential role of UNC5D in tumorigenesis, bioinformatics analysis of UNC5D expression in human cancers was first conducted using an ICGC data set (www.icgc.org; ref. 31) . Compared with normal tissues, UNC5D was downregulated in a variety of cancers, including those derived from breast, colon, kidney, lung, and rectum (Fig. 1A) . Such a pattern was subsequently verified using semiquantitative reverse transcription PCR (RT-PCR). As shown in Fig. 1B , UNC5D was broadly expressed in normal human tissues, with relatively high levels in brain, kidney, prostate, testis, small intestine, and colon tissue. In contrast, lack or weak of UNC5D expression was detected in a number of tumor lines originated from kidney, lung, gastrointestinal, liver carcinoma, or leukemia (Fig. 1C) . Notably, UNC5D expression was maintained in immortalized epithelial cell lines such as HEK293 (Fig. 1C) . Taken together, these data indicate a general reduction in UNC5D expression in association with tumorigenesis.
Frequent inactivation of UNC5D by CpG methylation in tumor cell lines
Bioinformatics analysis revealed that the UNC5D gene harbors a typical DNA sequence fulfilling the criteria for a CpG island in a region covering the promoter, exon 1, and the beginning of intron 1 ( Fig. 2A) . Given the importance of epigenetic mechanisms in the regulation of gene expression, we sought to determine whether DNA methylation contributed to the silenced expression of UNC5D in cancer cells. Indeed, MSP analysis showed that the UNC5D promoter was methylated in 2 of 4 RCC cell lines, 2 of 2 colon cancer cell lines, 2 of 3 lung cancer cell lines, 1 of 1 cervical cancer cell line, and 1 of 2 leukemia cell lines (Fig. 2B) . In contrast, no methylation of the UNC5D promoter was found in the immortalized epithelial cell line HEK293. We also confirmed UNC5D methylation by high-resolution BGS of CpG sites within the CpG island, including 43 CpG sites analyzed by MSP. Again, high levels of DNA methylation were detected in 786-O, A498, SW480, SW620, and HeLa cells but not in HEK293 cells (Fig. 2B) . To show that CpG methylation is functionally associated with UNC5D silence, several carcinoma cell lines were treated with the DNA demethylation reagent 5-aza-dC. Such treatment restored UNC5D expression (Fig. 2C, left) , which was accompanied by a decrease in methylated promoter alleles and an increase in unmethylated alleles. Furthermore, the demethylation was confirmed by BGS analysis (Fig. 2C,  right) . These results support that DNA methylation constitutes one of the major mechanisms responsible for the downregulation or inactivation of UNC5D.
Loss or reduced expression of UNC5D in primary RCC
The study was extended to primary tumors, with a focus on RCCs. RT-PCR and quantitative real-time PCR analysis revealed that UNC5D mRNA expression was markedly reduced or inactivated in a large proportion of RCC samples ( Fig. 3A and B) . Specifically, 32 of 44 tumor tissues showed more than 2-fold reduced expression in comparison with paired noncancerous tissue. Among them, 18 showed more than 10-fold reduced expression. We further examined UNC5D protein expression in a total of 30 paired tissue sections by immunohistochemistry. Strong UNC5D staining was shown in noncancerous renal tissue, mainly in the epithelium. On the contrary, UNC5D signal was absent or barely detectable in cancer tissue (Fig. 3C) . The immunohistochemical staining was further scored by taking into consideration of both staining intensity and percentage of cells showing positive staining. The percentage of each group with strong, weak, or moderate expression level was calculated of noncancerous versus paired cancer tissue. As shown in Fig. 3D , compared with noncancerous tissue, UNC5D protein was dramatically downregulated in RCC tissue. We also analyzed the association between clinicopathologic features and the expression of UNC5D and observed no correlation between loss or reduction of expression of UNC5D and the parameters including age, gender, tumor stage, and histologic grade (data not shown).
Frequent UNC5D promoter methylation and LOH in primary RCC
We next investigated whether promoter methylation also contributed to the attenuated or lost expression of UNC5D in primary RCCs. Among the 44 paired samples, 18 (40.9%) showed markedly increased methylation of the UNC5D promoter in tumor in contrast to that only 5 samples showed very weak methylation in the adjacent noncancerous tissue (Fig. 4A) . BGS analysis confirmed that the UNC5D promoter was markedly methylated in primary RCCs but not in paired noncancerous renal tissues (Fig. 4B) . Research.
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As noted above, promoter methylation may be the main contributor to the inactivation of UNC5D in RCCs, although possibly there are other reasons for this loss. Human UNC5D is located at chromosome 8p12. Through the analysis of chromosomal rearrangement, we found that in breast cancer there were 2 types of translocation occurring in 8p12 where UNC5D is located, which included amplicon-to-amplicon translocation and inverted orientation (data not shown). Therefore, to search for other mechanisms that may explain the reduced expression of UNC5D in RCCs, we determined the frequency of allelic losses in 3 markers (D8S1083, D8S505, and D8S1750). Of the 44 specimens investigated, 13 (29.5%) cases showed allelic imbalance in at least one of the markers (Fig. 4C and D) . Statistical analysis showed no correlation of methylation or LOH with age, gender, tumor stage, or histologic grade. Although it was not statistically significant, a trend in which most methylation of UNC5D occurred at tumor stage pT1 (Supplementary Table S2 ) was found. A relatively good correlation between UNC5D expression level and its methylation or LOH status was observed in several randomly chosen samples (Supplementary Table S3 ). In addition, in UNC5D-negative cells without methylation modification such as NCI-H460, K562, and Os-RC-2, allelic imbalance in at least one marker was also observed (data not shown). Therefore, LOH may be indeed implicated in the loss of UNC5D expression in these cell lines.
UNC5D inhibits proliferation and clonogenicity of RCC lines
The frequent inactivation of UNC5D in cancer cell lines and primary renal carcinoma tissue suggests a potential role of UNC5D in tumorigenesis. To test this possibility, 786-O and A498, 2 RCC lines which showed no UNC5D expression with a heavily methylated UNC5D promoter were infected with UNC5D expressing viruses and monitored for changes in cell behavior. Enforced expression of UNC5D significantly inhibited the proliferation of both 786-O (Fig. 5A ) and A498 cells (data not shown). Colony formation in monolayer culture or soft agar was found to be dramatically reduced in 786-O cells, compared with mock cells (Fig. 5B and C cells revealed a decrease in G 0 -G 1 phase and a concurrent increase in G 2 -M phase (Fig. 5D ). To more closely examine cell-cycle progression, 786-O cells were synchronized at G 2 -M phase with nocodazole. Enforced expression of UNC5D delayed the re-entry of G 2 -M cells into a new cycle following removal of nocodazole (Fig. 5D ). Consistent with G 2 -M cell-cycle arrest, cyclin B1 and A expression level increased in UNC5D overexpressed cells (Fig. 5E ). In contrast, UNC5D-DDD lost the ability to induce cell-cycle arrest (data not shown) and abolished the inhibition on cell proliferation and colony formation ( Fig. 5F-H) . These data support that the death domain of 
Colony number
Mock UNC5D ÃÃ , P < 0.01; ÃÃÃ , P < 0.001.
UNC5D is essential for the tumor-suppressive function of UNC5D. In addition, knockdown of UNC5D expression in PC3 cells promoted cell proliferation and colony formation ( Fig. 5I and J ).
UNC5D inhibits cell migration and invasion
We also explored the impact of UNC5D on another important aspect of tumorigenesis, migration, and invasion. First, scratch wound-healing assay was engaged to assess the motility of 786-O cells. Wound closure was found to be retarded for UNC5D overexpressing 786-O cells (Fig. 6A) . Next, cell migration was tested using the Transwell assay. Enforced expression of UNC5D led to a 2-to 3-fold reduction in the number of 786-O cells crossing over the filter (Fig. 6B) . Similar inhibitory effect was observed on cell invasion in a Matrigel assay (Fig. 6C) . We also obtained similar results with A498 cells (data not shown). Moreover, UNC5D-DDD abolished its effects on cancer cell migration (Fig. 6D) . These data suggest a suppressive function of UNC5D on tumor cell migration and invasion.
Discussion
UNC5D is a new member of the UNC5H family. Limited information is currently available concerning its biologic function. In this report, we show that UNC5D expression is frequently reduced or lost in renal cancer tissues and in a whole variety of tumor lines. Moreover, enforced expression of UNC5D in expression-silenced cells inhibits cell growth and migration.
Both epigenetic and genetic mechanisms are implicated in the downregulation of UNC5D. In cancer lines, UNC5D silencing correlated well with hypermethylation of a CpG island in the promoter region. Moreover, pharmacologic demethylation was able to restore UNC5D expression, supporting a direct link between promoter methylation and UNC5D downregulation. High levels of promoter methylation were also observed in about 41% of primary renal cancer tissues. Previous studies have indicated that, compared with other major malignancies, RCC shows a very low frequency of DNA methylation. It is true for most of the TSGs such as VHL, p16/CDKN2A, p14/ARF, APC, and UNC5C (9-12). However, there are several tumor suppressors, including SFRP1, SFRP2 and SEMA3B, whose expression is mainly regulated by epigenetic mechanisms (32) (33) (34) . UNC5D apparently belongs to this category. As a large proportion of RCC cancer tissues exhibited hypermethylation in the UNC5D promoter, this epigenetic change should constitute a major mechanism for the suppression or silence of UNC5D in RCCs. In addition, LOH occurred at the UNC5D locus in approximately 30% of renal cancer tissues. Of note, UNC5D maps to 8p12. Loss of chromosome arm 8p together with amplification of proximal 8p have been commonly identified in a variety of epithelial cancers including breast, bladder, colon, pancreatic cancer, and others (26, 27, 35, 36) . As such, LOH may represent another important mechanism for the downregulation of UNC5D. Most recently, a genome-wide associated study has identified UNC5D as one of candidate genes associated with colon cancer predisposition (37) . It will be interesting to see whether gene polymorphism also affects UNC5D expression. The reduced or lost expression of UNC5D in cancer cells suggests a tumor-suppressive activity for UNC5D. We showed that restoration of UNC5D expression in renal cancer cell lines suppressed cell proliferation and anchorage-dependent and -independent growth. Enforced UNC5D expression also displayed a profound inhibitory effect on cell mobility, leading to a reduced capacity of migration and invasion.
RCC is notorious for its resistance to chemo-or radiotherapy due to its insensitive to cell death induction (38) . Similarly, although UNC5D indeed induced apoptosis in some cell lines (25 and our unpublished data), it did not show this ability in renal cancer cells (data not shown). Here we showed that UNC5D exerted the tumor-suppressive function mainly by cell-cycle arrest in renal carcinoma. UNC5D induced G 2 -M cell-cycle arrest with the upregulation of G 2 -M hallmark cyclin B1. To date, there is no related reports about UNC5A-C. Further studies will extend to test whether cell-cycle arrest is a common event induced by UNC5Hs or a unique feature for UNC5D. Moreover, the growth-inhibitory effect of UNC5D was mainly mediated by the death domain. The involvement of death domain containing receptors or signal molecules in cell-cycle control is extensively studied. For example, one Netrin-1 receptor DCC induced G 2 -M arrest by inhibition of Cdk1 (39) . Dependence receptor p75NTR suppresses the proliferation of human gastric cancer cells by cell-cycle arrest (40) . The nuclear death domain protein p84N5 activates a G 2 -M cellcycle checkpoint (41) . FasL or TRAIL signaling by death receptors inhibited cell death due to a cell-cycle arrest in S-G 2 -M (42), etc. Death domain is well known as the platform for interaction with other death domain containing proteins or signaling proteins. Intriguingly, by Scansite motif analysis, we found that Thr893 of UNC5D within the DD is a potential ATM kinase phosphorylation site. ATM kinase is activated in DNA damage which phosphorylates several key proteins capable of initiating activation of the DNA damage checkpoint, leading to cell-cycle arrest, DNA repair, or apoptosis. A representative molecule is PIDD, which is phosphorylated by ATM kinase on Thr788 within the DD, facilitating the binding of RAIDD and caspase-2 activation (43) . In future, identification of signal pathways initiated by UNC5D which lead to cell-cycle arrest will be very meaningful.
In summary, our findings highlight the potential of UNC5D as a TSG in RCCs, which may serve as a potential diagnostic and therapeutic target for RCC intervention. It also extends the current understanding of the general roles of UNC5H receptors in tumorigenesis.
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